We present a mid-infrared analysis of 35 quasars with spectroscopic redshifts selected from the Spitzer Wide-area InfraRed Extragalactic Survey (SWIRE). We discuss their optical and mid-infrared (MIR) colors, and show that these quasars occupy well defined regions in MIR color-color space. We examine the issue of type-I AGN candidate selection in detail and propose new selection methods based on mid-IR colors. The available multi-band data allows us to construct two new, well-sampled quasar templates, covering wavelengths from the ultraviolet to the MIR.
Introduction
Efforts to understand the physics that drive the activity in active galactic nuclei (AGN) have been underway for decades, and have recently seen rapid progress thanks to improvements in both instrument design and theoretical modeling. Observationally, new facilities have provided important pieces of information, which when combined with advances in modeling have allowed a reasonably clear picture of the emission mechanisms in AGN to emerge. The optical continuum (up to 1 ñm) of type-I AGN, is seen to be a power law, which can be explained by the existence of an accretion disk around a central supermassive black hole. At longer wavelengths, one starts observing emission thought to arise from a dusty torus, which, depending on the geometry, peaks at wavelengths between 15 and 100 ñm. This emission is thought to be the reprocessed emission of the UV/optical radiation from the accretion disk by the particles composing the torus, namely silicate and graphite grains (e.g. Granato & Danese 1994; Efstathiou & Rowan-Robinson 1995; Nenkova et al. 2002) .
Studies with the Infrared Space Observatory (ISO) showed that the mid-infrared (MIR) window can be used to distinguish AGN from starbursts (Rigopoulou et al. 1999; Laurent et al. 2000; Farrah et al. 2002 Farrah et al. , 2003 . Furthermore, recent work conducted on a sample consisting of 25 quasars detected by the European Large Area ISO Survey (ELAIS) at 15 ñm (Afonso-Luis et al. 2004) showed the potential of combined optical and MIR observations in the construction of quasar samples, and in achieving a better understanding of the physical properties of AGN. These studies also showed, however, the need for deeper multi-band observations in the MIR in order to refine physical constraints on the torus models and unified schemes.
With the advent of Spitzer it is now possible to obtain MIR photometry for very large samples of galaxies. In particular, the Spitzer Wide-area InfraRed Extragalactic Survey (SWIRE; Lonsdale et al. 2003; Lonsdale et al. 2004 ) offers an unprecedented opportunity to study the MIR properties of AGN thanks to both the large areal coverage (∼ 50 deg
2 ) and to the number of bands in which the fields are being observed (IRAC bands 3.6, 4.5, 5.8 and 8 ñm and MIPS bands 24, 70 and 160 ñm). In this paper we investigate properties of a complete optically selected spectroscopically confirmed type-I quasar sample from the Sloan Digital Sky Survey (SDSS), consisting of 35 objects. The paper is structured as follows. Section 2 describes the MIR, optical and near-IR data available for this sample; these properties are then used in Section 3 in order to determine type-I AGN candidate selection criteria from multi-color data. Section 4 discusses the SEDs of the objects. Section 5 deals with the Black Hole (BH) mass and IR luminosity estimates. Notes on individual objects are given in Section 6. Finally, Section 7 presents a discussion of the results.
The Quasar Sample in the various Wavelengths
The MIR data used here are taken from the SWIRE ELAIS N1 field, and were obtained in February 2004 with both IRAC and MIPS. For the purposes of this work only the four IRAC bands (referred to as IRAC1, IRAC2 etc throughout) and MIPS 24 ñm (hereafter MIPS24) are used.
The SWIRE catalogs we use throughout this work were processed by the SWIRE collaboration. Details about the data can be found in , and .
The Sloan Digital Sky Survey has validated and made publicly available its Data Release 2 (DR2; Abazajian et al. 2004) (Richards et al. 2002) . Table 1 shows the (optical) positions, redshifts, SDSS AB magnitudes and MIR fluxes and errors (in mJy) for the 35 quasars composing our sample. The sequence number in the first column in used hereafter as an identifier for the objects. The quasar sample was matched with the 2MASS all sky catalog and near-IR counterparts were found for six objects, including the highest redshift object of the sample at z = 3.653. Six of the objects also have ELAIS 15 ñm counterparts Rowan-Robinson et al. 2004; Afonso-Luis et al. 2004) . Details can be found in Section 6. Fig. 1 (a), (b) and (c) show the optical colors (in AB) of the 35 quasars (cyan filled circles) superposed on the 16710 quasars of the SDSS Data Release 1 (DR1; Abazajian et al. 2003) , occupying the same regions of color space. Fig. 1  (d) shows the redshift distribution of our sample, which peaks at slightly lower redshift as compared to the redshift distribution of the DR1 quasar catalog .
The sample's MIR colors, defined as -2.5 × log(flux i /flux i+1 ) with i and i + 1 two consecutive bands, are shown in Fig. 2 (a) , (b) and (c), superposed on the bandmerged catalog (see ) extracted from a small region (10%, plotted for clarity) of the SWIRE EN1 field. The solid, short-dashed, long-dashed and dasheddotted lines correspond to evolutionary tracks of a type-I quasar, a red quasar, Arp220 and Sc templates respectively ). The quasars' colors are almost independent of their redshift due to the essentially power-law nature of their SEDs; objects of very different redshift can find themselves very close together in this diagram. The Arp220 and Sc templates were chosen because they are those that pass the closest to the quasar locus. Quasars are redder than the main bulk of the population, at least up to ∼ 8 ñm, but then start mixing completely with the rest of the objects. Both type-I and red AGN populate the redder part of the color diagrams, their very red colors being due to torus emission. Fig. 2(d) shows the (IRAC1 -IRAC4) color as a function of redshift and compares it to the evolutionary tracks for the various types of objects (linestyle coding same as in the other panels of Fig. 2 ). These well defined regions in the MIR color-color space can be used as a standalone criterion for type-I AGN candidate selection when optical information is unavailable, and as additional constraints to the optical selection and photometric redshift determination.
Models for the IR and submm SEDs of normal, star-burst and active galaxies show that quasars have, on average, MIR fluxes some 10 to 100 times larger than their optical fluxes (Rowan-Robinson 2001). 
Quasar Candidate Selection in the MIR
In this section we discuss type-I AGN candidate selection methods. No candidate list is included here as the aim is to propose some selection criteria, describe their advantages and drawbacks and the contribution from MIR photometry, and the color properties of the candidate sample as a whole rather than for individual objects. A similar discussion but proposing different selection criteria can be found in Lacy et al. (2004) , who present AGN candidates in the Spitzer First Look Survey. For an independent analysis of the location of AGN in MIR color space see also Haas et al. (2004) .
The MIR band-merged catalog in SWIRE EN1 was associated with the five-band optical catalog derived from the Isaac Newton Telescope Wide Field Survey (WFS; McMahon et al. 2001 ). The SWIRE EN1 and INT WFS fields do not have a 100% overlap; WFS covers only ∼ 7 deg 2 of the SWIRE EN1 field, down to a limiting AB r-band magnitude of 24.1. The final bandmerged catalog consists of ∼293000 objects, with at least one WFS and one Spitzer detection each. Details about the optical data and the bandmerged catalogs can be found in .
In optical surveys the use of a morphological pre-selection make main sequence stars to be the most common contaminants of the quasar candidates samples. With the addition of MIR data, star/quasar separation is straightforward, as stars occupy well defined regions in the IRAC color space due to the Rayleigh-Jeans regime in their SEDs (see for a detailed discussion), separate from the regions populated by quasars. In MIR selected quasar samples the major contaminants will instead be normal and starburst galaxies, of both low (z 0.6) and high (∼3) redshift (Fig. 2) . However, MIR selection can also reveal type-II AGN that would mostly be missed if only optical selection is used.
The well defined region our quasar sample occupies can be used to constrain the color space in which quasar candidates are selected. 
The region defined here is only indicative, and the tolerance depends on the degree of completeness and the number of contaminants that are acceptable.
A total of 1870 quasar candidates populate the region inside the dashed lines. Ths number drops to 1290 when detections in all four IRAC channels, MIPS 24 ñm and r-band are required. This number rises to 2520 when only IRAC channels 1-3 detections are needed (which are the only relevent bands for the selection criterion applied here). A type-I AGN sample selected based on MIR colors cannot be entirely complete, and could also suffer from contamination by spiral and starburst galaxies at specific redshifts. When optical morphology is taken into account the resulting sample will be cleaner but less complete, as nearby type-I AGN will probably be excluded. Note also that the more MIR information one adds the more accurate the selection can become (see for instance Lacy et al. 2004) , but then one is limited by the substantially lower sensitivity of IRAC channels 3 and 4. Type-II AGN are more difficult to identify. For an in depth discussion on their colors see . Using X-ray selected AGN, Franceschini et al. (2004) show that the optical to MIR SEDs of type-II AGN can match those of normal spiral, starbursting and even passively evolving elliptical galaxies, while only their X-ray signature indicates the presence of nuclear activity.
Model predictions on quasar MIR counts
The number of quasars in this sample, and their optical and MIR fluxes can give an estimate of the number of AGN SWIRE will detect. All 35 quasars are at least 3 times brighter than the 5σ limit at 5.8, 8.0 and 24 ñm and at least 25 times brighter at 3.6 and 4.5 ñm, have i < 19.1 when z ≤ 2.3 and i < 20.1 when z > 2.3. Using these limits, expected numbers of AGN have been calculated based on a new version of the Xu et al. (2003) models, including a new evolutionary model for dusty galaxies. Galaxies with obscured AGN are those with a MIR excess in the rest frame: f 25µm /f 60µm ≥ 0.2. Their evolution function is assumed to be the same as that of optical quasars, which is a pure luminosity evolution function of the form (Boyle et al. 2000) :
but with L * now defined at 25ñm. Fig. 5 shows the predicted redshift distributions per deg 2 from this model, compared to the actual distribution of the 35 SDSS quasars (dashed line). The solid line corresponds to the model realisation using the SWIRE 5σ limits in both IRAC and MIPS and the dotted line is the distribution predicted when the SDSS optical spectroscopic limits are applied as well. Note that the model does not distinguish between type-I and type-II AGN. The dashed line is the scaled redshift distribution of the 35 quasars, normalised to 1 deg 2 .
The total number of objects predicted by the model for a 3.5 deg 2 area (which is the coverage of SWIRE EN1 by the SDSS DR2) using the SWIRE 5σ limits and the SDSS i-band spectroscopic limit was 39, i.e. 11 per deg 2 , very close to the actual number of quasars in our sample. The predicted redshift distribution is also close to the observed one, as can been seen by comparing the dotted line with the black dashed line in Fig. 5 . This good agreement is most probably due to the cut in the iband, which most likely excludes all type-II AGN. The model predicts some 440 AGN (types I and II together) per deg 2 with redshifts up to 4 and detections in all IRAC bands and the MIPS 24 ñm channel down to the SWIRE MIR limits (when no optical constraints are imposed), with some 20 z > 3 objects per deg 2 . The difference between the observed and estimated numbers implies a large amount of incompleteness introduced in the quasar samples by optical constraints. The number of objects (1870 in the ∼7 square degrees of SWIRE EN1 covered by the WFS data) previously selected as quasar candidates is 1.6 times smaller than the one predicted by the model. This number drops to 1.2 (i.e. 360 candidates per deg 2 ) when no optical counterpart is required. The model estimates for the AGN differential number counts (N/deg 2 /dex) at 3.6 and 24 ñm for various optical magnitude limits are shown in Fig. 6 . Note that on these plots only the respective MIR detections are required, increasing the estimated number by a factor of almost 3.5 with respect to the previous model realisation where all IRAC band and MIPS 24 ñm are required. With very few exceptions, the quasars in our sample have much brighter 3.6 and 24 ñm fluxes than the fluxes where the model counts peak.
The missing population consists of type-I quasars omitted from the optical selection, type-I AGN without all IRAC and MIPS detections as well as type-II AGN that are mostly optically obscured or optically extended. In fact, Lacy et al. (2004) suggest that up to 50% of their MIR selected AGN could be sufficiently obscured not to be observed by SDSS.
Spectral Energy Distributions
The Spitzer data in SWIRE EN1 fill a large wavelength gap in the SEDs of AGN. The quasar sample discussed here is optically selected and complete down to i = 19.1. Therefore, when considering their SEDs, one does not see the behavior of an IR selected sample but rather the IR properties of optically selected objects with MIR counterparts. Figs. 7 and 8 show the observed SEDs (with 2MASS and ELAIS 15 ñm measurements included whenever available; see Section 6 for details) in λF λ (erg/sec/cm 2 ) overplotted on a template constructed from optically selected (from the Palomar-Green (PG) Survey; hereafter quasar template) type-I AGN (from . Observations and templates have been normalised at 3.6 ñm (or to the r-band in the few cases where the 3.6 ñm flux was not available). The quasar template was built by extending the composite SDSS quasar optical spectrum (Vanden Berk et al. 2001) into the IR with the average SED of 14 PG quasars. At λ < 0.7 ñm the template is the SDSS composite quasar spectrum; the averaged PG template is used only at λ > 0.7 ñm.
The vast majority of the objects have a concave SED, with a change of slope at around 1 ñm in the restframe. The few exceptions will be discussed in detail in Section 6. The general shape of the SEDs roughly follows the quasar template but the use of all 35 quasars provides better sampling, and allows for the refinement of the template, especially in the IR.
Using the 35 SWIRE-SDSS quasars, two new templates were constructed. The first one (dashed line in Fig. 9 ) is the average of all of the data, normalised at 0.3 ñm in 18 wavelength bins between 0.1 and 23 ñm (diamonds). The upper template (dotted line) is the average of the data points taken from the 25% objects with the highest infrared emission in the same wavelength bins (triangles). The number of flux values in each bin varies from 7 to 37 with an average of 20 when all sources are used, and from 3 to 10 with an average of six in the case of the second template. In the optical, at λ < 0.6 ñm for the first template and λ < 0.3 ñm for the second, the more detailed quasar template was used since it fits well the average data of both templates. At λ > 20 ñm, since no data are available, we use the quasar template after scaling it to match the two new templates. The solid curve is the original quasar template shown in Figs. 7 and 8, shown here for comparison. A detailed study of the individual SEDs, tori model template fitting and parameter analysis is outside the scope of this work and will be presented in a separate paper. The two new IR quasar templates defined above are shown in Tables 2 and 3. newly derived SEDs. The Scott effect clearly dominates this flux-limited sample as more distant objects need to be intrinsically brighter in order to be part of it.
Black Hole Masses
In this section we investigate a possible correlation between bolometric luminosity and BH mass, as the relationship between these two quantities is a measure of the Eddington ratio. Under the assumption that the dynamics of the Broad Line Region (BLR) are dominated by the gravity of the central supermassive BH, the latter can be estimated from the relation M BH ≃ R BLR V 2 /G, where R BLR is the radius of the BLR and V is the velocity of the line-emitting gas. Traditionally, V is estimated from the full width at half maximum (FWHM) of the H β line in emission (Kaspi et al. 2000) . However, for quasars with redshifts greater than z ∼ 0.8, H β is no longer seen in observed-frame optical spectra, and Mg II has been suggested as an alternative estimator (McLure & Jarvis 2002) .
Here the BH mass is computed as suggested by McLure & Dunlop (2004) : 
Since the redshift range in which MgII can be observed with optical telescopes is large we chose to use the relation between MgII and the (monochromatic) continuum luminosity at 3000 A (Eq. 2) whenever available and only use H β (Eq. 3) in the few cases when MgII is not present. We make use of the values of the emission lines as measured by the SDSS pipeline and limit the study to objects with redshifts lower than, typically, z = 2.1 as at higher redshift both estimators fall outside the observed spectral range. Fig.  11(a) shows the BH mass distribution as a function of redshift, with objects for which MgII (H β ) was used for the estimation plotted in filled circles (open squares). The error bars are estimated from the uncertainty of the FWHM of the lines. Black hole masses tend to increase with redshift up to z ∼ 1 but then they stabilise around a value of 5 ×10 8 M ⊙ . The very low BH mass value of the object at z ∼ 2 comes from the apparently underestimated value of the MgII line, due to a very noisy spectrum. An attempt to measure this line manually gave a value three times larger for the Mg II line, increasing the value of the BH mass by roughly an order of magnitude (open symbol in Fig. 11 ). For the rest of the objects, the manual measurements of the emission lines agree within 2σ with the ones coming from the SDSS pipeline. For the six objects lying in the redshift range from 0.5 to 0.83 for which both MgII and H β were available, BH masses were computed using both estimators. For four of the objects the difference in the masses were less than a factor of 1.3, for the other two, however, the estimated masses were almost one order of magnitude apart, with H β giving the lowest value in both cases. Fig. 11(b) shows the evolution of the bolometric luminosity as a function of BH mass. A trend is seen up to a bolometric luminosity of ∼ 10 12 L ⊙ but it is of low significance, with a Spearman correlation coefficient of 0.32. This is due to small number statistics. Note that the determination of BH mass, dependent as it is on optical luminosity, can only be applied to unobscured sources. Table 4 , along with the radion information.
Notes on individual Objects
Object 18, at a redshift of 0.245, is particularly interesting. As can be seen in Fig. 7 (second object in the last row), its SED does not have the concave shape that the majority of the objects have. Its SED is instead convex, and can be fitted by two power laws, a relatively flat one in the optical and a much steeper one in the IR. Even though this object is a type-I quasar with broad emission lines, as can be seen in the left panel of Fig. 12 , the behavior of its SED is that of a blazar. Its inverted radio spectrum (higher flux in higher frequencies) also points towards this conclusion.
A similar behavior is observed for source 22 at z = 0.214, whose spectrum is shown in the right column of Fig. 12 . Unfortunately no other data are available for this object. Both objects show signs of variability, an important characteristic of all blazars, between the times the spectroscopy and the photometry were made, as can be seen in the lower panels of Fig. 12 , where the spectra and magnitudes of the two objects are shown in the AB system. For a comprehensive study of quasar variability based on this type of comparison see Vanden Berk et al. (2004) . The photometric errors are of the size of the filled circles (or smaller) and can not be seen on the plot.
Finally, sources 21 and 24, whose optical spectra are considerably redder than the quasar template (Fig. 8) , are in fact broad absorption line quasars, as visual inspection of its spectrum revealed. Recent studies relate reddened quasars with the presence of broad absorpion lines in their spectra (e.g. Reichard et al. 2003 and references therein).
Discussion
This paper presents an analysis of a sample of 35 spectroscopically confirmed SDSS quasars within the SWIRE EN1 field, observed with Spitzer as part of the SWIRE Legacy Survey. Even though SWIRE EN1 is a small part of the whole 50 deg 2 SWIRE survey (∼18%) and SDSS DR2 only covers a third of it, this study gives a good initial indication of the AGN science that can be carried out with SWIRE data.
All SDSS quasars within the SWIRE EN1 field have Spitzer counterparts. The distinct location of the spectroscopically confirmed quasars on MIR color-color plots greatly contributes to the selection of type-I AGN candidates, independent of their optical properties. They are redder than the majority of the population at least up to 8 ñm (restframe from 1.7 to 6.1 ñm for the redshift range covered) and continue forming a rather compact clump in the redder colors. Appropriate colorcolor combinations can be found in order to sepa-rate quasars of specific (but large) redshift ranges from the various types of contaminant galaxies. A comparison between model predictions and selected quasar candidates indicates the existance of a large number of obscured AGN, some of which probably reside among the proposed candidates.
BH masses, estimated from emission lines, show a tendency with redshift up to z ∼ 1, however the small number statistics do not allow any conclusion on the dependence or not on bolometric luminosity.
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